Vascular response to hypoxia is a major determinant of organ function under stress, which is particularly critical for vital organs such as the heart. This study identifies Vav1 as a key vascular regulator of hypoxia. Vav1 is present in vascular endothelium and is essential for HIF-1 activation under hypoxia. It regulates HIF-1a stabilization through the p38/Siah2/PHD3 pathway. Consequently, Vav1 deficient mice are predisposed to sudden death under cardiac ischemia with increased coronary endothelial apoptosis. Moreover, Vav1 binds to VEGFR1 that carries Vav1 to lysosomes for degradation in normoxia. Hypoxia upregulates Vav1 through inhibition of protein degradation. These findings reveal that regulation of Vav1 by hypoxia is analogous to HIF-1a regulation. Both proteins are constitutively produced allowing for rapid responses when stress occurs, and constantly degraded in normoxia. Hypoxia stabilizes Vav1, which is required for HIF-1a accumulation. Together they mediate the vascular response to hypoxia and maintain tissue homeostasis.
Introduction
The vascular response to hypoxia is an important mechanism that maintains organ functions under stress, which is particularly important for vital organs such as the heart. Myocardial perfusion is a key component of cardiac homeostasis, and failure to induce sufficient perfusion represents a major cause of myocardial dysfunction and heart failure. The cellular response to hypoxia is regulated by the hypoxia-inducible factor-1 (HIF-1) transcription factor. Hypoxia stabilizes HIF-1a, allowing it to activate transcription and mediate the adaptive response. Endothelial expression of HIF-1 regulates endogenous VEGF expression and autocrine VEGF signaling is essential for endothelial cell survival 2, 3 . VEGF stimulates cellular responses by binding to cell surface receptors, VEGFR1 and VEGFR2, on vascular endothelium. VEGFR2 appears to mediate almost all of the known cellular responses to VEGF 4 , and VEGFR1 is considered as an inhibitory receptor that acts as a decoy receptor, competing with VEGFR2 for binding to VEGF 4 .
The levels of proteins are determined not only by synthesis, but also by degradation. Many rapidly degraded proteins function as regulatory molecules. The rapid turnover of these proteins is necessary to allow their levels to change quickly in response to external stimuli. In eukaryotic cells, two major pathways mediate protein degradation, the ubiquitin-proteasome pathway and lysosomal proteolysis, 5 . Lysosomes are membrane-enclosed organelles that contain digestive enzymes including proteases, and these enzymes are activated by the highly acidic pH of the lysosome 7 .
Vav1 is a guanine nucleotide exchange factor (GEF) that activates small Rho GTPase. The Vav family has three members in vertebrates with Vav1 mostly restricted to hematopoietic cells 9, 10 . Vav1 is also an important signal transducer with a pivotal role in hematopoietic cell activation, cell growth and differentiation [9] [10] [11] . Mice without Vav1 are viable, fertile and grossly normal, except for a partial block in lymphocyte development [12] [13] [14] .
This study reveals a non-hematopoietic function of Vav1, which is constantly produced and constantly undergoes protein degradation in endothelial cells in normoxia. Hypoxia blocks Vav1 degradation, and Vav1 is essential for HIF-1a stabilization. Accordingly, Vav1 deficient mice were unable to respond to hypoxic stress and exhibited a susceptibility to sudden death when subjected to acute cardiac ischemia, due to a dramatic increase of endothelial apoptosis.
Results

Vav1 is specifically expressed in coronary endothelium and protects mice from the development of sudden death under cardiac ischemia.
Based on our previous observation of Vav1 expression in vascular endothelium {DeBusk, 2010 #25} 15 , we studied its function in vascular biology. We first validated this observation by analyzing Vav1 expression in FACS-sorted (CD31+CD45-) pulmonary microvascular endothelial cells from age and sex matched WT and Vav1 null mice ( Figure 1A ). We confirmed this finding by immunofluorescent staining for CD31 and Vav1 in WT mouse heart tissues. It is clear that Vav1 is specifically expressed in coronary endothelium, but not in myocardiocyte ( Figure 1B ).
Myocardial ischemia occurs when blood flow to heart muscle is decreased by a blockage of coronary arteries, which is a major cause of myocardial dysfunction and heart failure. To explore the significance of Vav1 in cardiac ischemia, we employed a myocardial infarction model by ligating the left anterior descending coronary artery (LAD) to create acute ischemia in sex matched 12 week old WT and Vav1 null mice, at which time there was no significant difference in heart size and left ventricular contractility between the two groups of mice, which is in agreement with a published report 20 . Strikingly, while all the WT mice survived, all the Vav1 null mice died within hours or a day after the LAD ( Figure  1C ).
Since Vav1 is restricted to coronary endothelium and endothelial cell survival is a critical determinant of vascular function, we examined cell survival. A few hours after the ligation, the ischemic region of the heart tissues was harvested and subjected to double staining with CD31 and an apoptotic marker. Notably, there were significantly more double-positive apoptotic endothelial cells in heart samples collected from Vav1 null mice than WT controls ( Figure 1D and 1E). To further establish the role of Vav1 in endothelial cell survival under ischemia, we isolated pulmonary microvascular endothelial cells from WT and Vav1 null mice and cultured them in either normoxic or hypoxic conditions. Consistent with the in vivo mouse data, deletion of Vav1 significantly increased apoptosis especially in hypoxic conditions compared to WT cells ( Figure 1F ). These findings reveal a critical function of Vav1 in vascular survival under hypoxia. Deletion of Vav1 in mice generates a fragile vascular phenotype, which leads to increased endothelial apoptosis and disruption of cardiac perfusion, that likely contributes to heart failure and sudden death.
Vav1 is essential for HIF-1a stabilization via regulation of p38 activation in response to hypoxia
HIF-1 is a central regulator of the response to hypoxic conditions. Hypoxia stabilizes HIF-1a and activates transcription of numerous target genes. Therefore, we examined HIF-1a expression in ischemic heart samples by immuno-fluorescent staining. As expected, cardiac ischemia after LDA increased vascular HIF-1a accumulation in tissues from WT mice. Remarkably, deletion of Vav1 dramatically reduced the accumulation of HIF-1a in the vasculature ( Figure  2A ). To corroborate the importance of Vav1 in hypoxia induced HIF-1a accumulation, we challenge the mice with an injection of CoCl2 to mimic hypoxia for 5 hours. CoCl2 induced a strong accumulation of HIF-1a in WT heart tissues, but it completely failed to induce HIF-1a in mouse heart deficient of Vav1 ( Figure 2B ). To further explore the link between Vav1 and HIF-1, we knocked down Vav1 in cultured HUVECs, followed by incubation of the cells in normoxic or hypoxic conditions. The expression of HIF-1 target genes, including VEGF, EPO, Glut1 and PDK1, were analyzed by qPCR. The knockdown of Vav1 in human endothelial cells impaired the expression of HIF-1 target genes, which is particularly evident under hypoxia ( Figure 2C ). Collectively, these data reveal an essential role of Vav1 in hypoxia-induced HIF-1a stabilization, which drives VEGF expression in endothelial cells. Because endogenous VEGF and autocrine VEGF signaling is essential for endothelial survival 3 , these findings explain the sensitive and fragile nature of vasculature in Vav1 null mice under ischemia.
To dissect the signaling mechanism by which Vav1 regulates HIF-1a accumulation, we investigated the role of Vav1 in p38 activation, as hypoxia activates p38 26 and p38 stabilizes HIF-1α 27 . Consistent with published data, hypoxia induced p38 phosphorylation and accumulation of HIF-1a protein in HUVECs. These responses were largely blocked after a knockdown of Vav1 in these cells ( Figure 3A ). Conversely, ectopic expression of Vav1 further increased hypoxia-induced p38 phosphorylation as well as HIF-1a protein accumulation in hypoxia ( Figure 3B ). To further establish the role of p38 in Vav1 mediated HIF-1a expression, we ectopically expressed Vav1 in HUVECs and incubated the cells in hypoxia in the presence or absence of a p38 specific inhibitor, SB203580.
Blocking p38 activation blunted Vav1 mediated HIF-1a accumulation ( Figure 3C ), which implies that p38 is downstream of Vav1, and p38 activation is required for the induction of HIF-1a accumulation upon hypoxic stimulation. Next, we examined phosphorylation of Siah2 as p38 directly phosphorylates this protein that targets prolyl hydroxylase-3 (PHD3) for degradation 22, 23 . We found that hypoxia activated p38, which correlated with increased phosphorylation of Siah2 and reduction of PHD3 in vector transfected cells ( Figure 3D ). In contrast, knockdown of Vav1 inhibited hypoxia-mediated phosphorylation of p38 and Siah2, which correlated with an increase of PHD3 ( Figure 3D ). As PHD3 targets HIF-1a for degradation, a reduction of PHD3 correlated with an increase of HIF-1a in Vav1 knockdown cells ( Figure 3D ). These results suggest that Vav1 regulates HIF-1a accumulation through the p38 mediated Siah2/PHD3 pathway.
Hypoxia upregulates Vav1 levels via inhibition of lysosomal mediated protein degradation.
Based on the role of Vav1 in regulating vascular response to hypoxia, we investigated the mechanism by which hypoxia regulates Vav1. We found that mimic hypoxia in vivo using CoCl2 induced a dramatic increase of Vav1 levels in WT heart tissues ( Figure 2B ). To validate the finding, we incubated HUEVCs in normoxia or hypoxia for 5 hours. Hypoxia increased Vav1 protein levels ( Figure  4A ), however hypoxia had no significant effect on mRNA levels of VAV1 ( Figure   4B ). In addition, we knocked down HIF-1a and incubated the cells in hypoxia. Neutralization of HIF-1 had no impact on Vav1 protein levels ( Figure 4C ). Moreover, Vav1 level was not affected by HIF-1α downregulation by PX-478 but when Vav1 was controlled by shRNA or overexpression, the level of HIF-1α was controlled by Vav1 parallelly ( Supplementary Figure 1 ). This set of results implies that hypoxia-mediated Vav1 expression does not occur at the transcriptional level.
Next, we investigated whether the regulation occurs via protein degradation. To test this hypothesis, HUVECs were cultured in the presence of cycloheximide to suppress nascent protein synthesis with a sequential incubation of the cells in normoxia and hypoxia for 5 hours. Interestingly, addition of cycloheximide led to a significance reduction of Vav1 protein compared to vehicle treated cells in normoxia. Incubation of the cells in hypoxia resulted in a time dependent increase of Vav1 protein in the presence of cycloheximide ( Figure 4D ). These findings imply that Vav1 protein is constantly produced and constantly undergoes degradation.
To distinguish if Vav1 degradation is mediated through the proteasomal or lysosomal pathway, we cultured HUVECs in normoxia in the presence of lactacystin to inhibit proteasomal pathway or chloroquine, a lysosomal inhibitor. Notably, addition of chloroquine resulted in a significant increase of Vav1. The levels of Vav1 in the presence of chloroquine under normoxia were close to the levels observed when cells were cultured in hypoxia for several hours ( Figure 4E ). In contrast, addition of lactacystin did not significantly affect the levels of Vav1 (data not shown).
To corroborate the role of lysosomes in Vav1 degradation, we utilized an inhibitor for lysosomal acidification, bafilomysin-A (BafA). The result confirmed that blocking lysosomal activation led to increased Vav1 in normoxia. Hypoxia upregulated Vav1, and addition of Baf A had no additional effect in hypoxia ( Figure  4F ). We also examined if Vav1 is present in lysosomes by performing immunofluorescent staining with antibodies against Vav1 and cathepsin D (CatD), a lysosomal marker, in HUVECs. Vav1 protein co-localized in lysosomes with CatD, and it appeared that the levels of Vav1 were lower where CatD was strong and vise verse ( Figure 4G ). Collectively, these results suggest that lysosomes mediate Vav1 degradation in normoxia, and hypoxia blocks protein degradation, leading to Vav1 accumulation.
VEGFR1-bound Vav1 is carried to lysosomes
To investigate the mechanism by which Vav1 moves to lysosomes, we first examined Vav1 ubiquitination status in HUVECs as protein ubiquitination is a sorting signal that targets protein to multivesicular bodies (MVBs). Hypoxia increased total protein ubiquitination in both vector and Vav1 construct transfected cells (Suppl. Figure 2 A). However, there was no detectable ubiquitination of Vav1 in both normoxic and hypoxic groups (Suppl. Figure 2 B and C), which led us to speculate there might be a carrier that moves Vav1 to lysosomes. The four amino acids YXEP were identified as a specific binding motif recognized by the SH2 domain of Vav1 (Songyang, 1994 #81). Sequence alignment revealed the presence of this motif in VEGFR1 (aa990-993), but not in VEGFR2.
To test if Vav1 binds VEGFR1, we ectopically expressed Vav1 and VEGFR1 in HeLa cells, followed by immunofluorescent staining. Confocal microscopy analysis detected a strong FRET signal between Vav1 and VEGFR1 in MVB ( Figure 5A ). Subsequently, we performed a pull-down experiment in HeLa cells co-transfected with expression vectors for Vav1 (GFP tagged) and VEGFR1. Vav1 was specifically pulled-down together with VEGFR1 ( Figure 5B ). Lastly, we generated a deletion mutant of VEGFR1 by deleting the four amino acid Vav1-binding sequence (DYKEP). We co-expressed Vav1 (HA tagged) with VEGFR1 or the mutant construct, followed by pull-down analysis. The data show that only WT VEGFR1 was able to pull-down Vav1, but not DYKEP ( Figure 5C ). These results confirm direct binding of Vav1 to VEGFR1.
Since receptor tyrosine kinases have been shown to undergo lysosomal-mediated degradation after activation, we investigated if VEGFR1 carries Vav1 to lysosomes for degradation. To test this hypothesis, we co-tranfected HUVECs with expression vectors for Vav1 and VEGFR1, followed by immunofluorescent staining for these two proteins and Lamp1, a lysosomal marker. The results show co-localization of Vav1 and VEGFR1 in lysosomes ( Figure 6A ). We then tested whether binding with VEGFR1 is required for Vav1 translocation to lysosomes. HUVECs were cotransfected with expression vectors for Vav1 with VEGFR1 or DYKEP mutant, followed by staining for Vav1, VEGFR1 and Lysobright, a marker for lysosomes. As expected, disruption of VEGFR1 binding prevented Vav1 being localization in lysosomes ( Figure 6B ). The data confirm that Vav1 binds to VEGFR1 and VEGFR1 carries Vav1 to lysosomes.
The above findings led us to examine if activation of VEGFR1 induces Vav1 degradation. To do so, we stimulated HUVECs with PLGF, a VEGFR1 specific ligand; or VEGF-E, a VEGFR2 specific ligand, for 30 minutes. As predicted, activation of VEGFR1 induced Vav1 degradation, while activation of VEGFR2 that does not binds to Vav1 did not change the levels of Vav1 compared to controls ( Figure 6C ). Moreover, knockdown of VEGFR1 using shRNA in HUVECs significantly increased the levels of Vav1 in normoxia and this increase was more pronounced in hypoxia ( Figure 6D ). Conversely, ectopic expression of DYKEP led to an increase of Vav1 compared to VEGFR1 transfected cells in normoxia ( Figure 6E ). Hypoxia increased Vav1 levels in VEGFR1 transfected cells, but the levels of Vav1 in DYKEP transfected cells remained the same in normoxia and hypoxia ( Figure 6E ). Collectively, these data suggest that VEGFR1 carries Vav1 to lysosomes and activation of the receptor induces Vav1 degradation.
Discussion
The vascular response to hypoxia is a powerful mechanism to maintain organ function and to reduce the negative effects that hypoxia otherwise would produce. Thus, identification of molecular mediators that regulate vascular homeostasis is of great importance. This study identifies Vav1 as a key regulator of the vascular response to hypoxia. Vav1 is continually produced and degraded in normoxic conditions. Hypoxia blocks the degradation, leading to Vav1 accumulation. Vav1 is required for hypoxia-induced HIF-1a accumulation. Consequently, deletion of Vav1 in mice prevents HIF-1 activation upon cardiac ischemic stress, which leads to endothelial apoptosis, heart failure and death of the animal.
Vav1 is considered as a hematopoietic specific protein [9] [10] [11] . The Vav1 promoter-driven Cre mice are commonly used for specific gene deletion in hematopoietic cells. However, the current study reveals expression of Vav1 in endothelial cells. This finding is in agreement with a genetic tracing study indicating Vav1 in endothelium 15 , as well as the notion that endothelial cells and blood cells are derived from a common progenitor, and they often share common mediators and pathways. This finding raises a concern regarding specificity when using Vav1-Cre mice for gene deletion in hematopoietic cells.
Endothelial-specific deletion of HIF-1 disrupts a hypoxia driven VEGF autocrine loop 2 . Endogenous production of VEGF in endothelial cells and cell-autonomous activity is crucial for vascular homeostasis. In the absence of autocrine VEGF signaling, endothelial cells undergo apoptosis 3 . This phenotype is manifested without detectable changes in the total levels of VEGF and cannot be rescued by exogenous VEGF 3 . Our data demonstrate that Vav1 is essential for HIF-1a accumulation in hypoxia. In the absence of Vav1, the endothelium is unable to achieve HIF-1 activation and induction of VEGF, leading to a significant increase in endothelial apoptosis under stress.
Hypoxia activates p38 MAPK 26 , and p38 stabilizes HIF-1α 27 . In T cells, Vav1 acts as a point of integration of signal transduction for receptor-mediated p38 activation 21 . Consistent with these findings, we show that hypoxia induces p38 phosphorylation and HIF-1a accumulation in endothelial cells, which is totally dependent on Vav1. Without Vav1, hypoxia fails to activate p38 thereby interrupting the pathway of HIF-1a accumulation. The ubiquitin ligase Siah2 regulates the stability of prolyl hydroxylase-3 (PHD3) that targets HIF-1a for degradation 23 . p38 phosphorylates Siah2, which increases Siah2-mediated degradation of PHD3 thus preventing HIF-1a degradation 22 . Our data suggest that Vav1 is upstream of p38 and is essential for hypoxia-mediated activation of p38. Without Vav1, hypoxia is unable to activate p38, preventing the subsequent activation of Siah2 and PHD3 degradation, necessary for HIF-1a accumulation.
Remarkably, Vav1 is continually produced in endothelial cells and has a high turn-over rate due to lysosomal mediated degradation. These findings reveal that the regulation of Vav1 is analogous to HIF-1a regulation. Both proteins are constitutively produced and both are continually degraded via lysosomal (Vav1) and proteosomal (HIF-1a) pathways under normoxia. Hypoxia stabilizes Vav1 and Vav1 is essential for HIF-1a accumulation. Together, these two proteins are key mediators of the vascular response to hypoxia.
It has been reported that Vav1 is targeted to lysosomes for degradation in pancreatic tumor cells 28 . Contrary to tumor cells in which Vav1 is targeted to lysosomes through interaction with the cytoplasmic chaperone Hsc70 28 , we found that Vav1 is transported to lysosomes by a carrier protein, VEGFR1, in endothelial cells. Vav1 binds to VEGFR1. Knockdown of VEGFR1 inhibits Vav1 degradation, and conversely activation of VEGFR1 increases Vav1 degradation. This finding provides a new mechanism by which VEGFR1 inhibits VEGF mediated angiogenesis. Activation of this receptor induces Vav1 degradation, a GEF protein for small RhoGTPase, and thus plays a negative role in cell motility and angiogenesis.
In summary, this study reports a protective role of Vav1 in vascular biology.
Hypoxia upregulates Vav1 and Vav1 is essential for HIF-1a accumulation and vascular response to stress. Vav1 null mice exhibit a markedly reduced capacity to survive the stress of acute myocardial infarction. As sudden death in the setting of myocardium infarct is a very important medical issue, our findings could have important implications in the etiology and treatment of this pathologic condition.
Materials and methods
Animals. The mice were maintained in a pathogen-free facility at the National Cancer Institute (Frederick, MD) in accordance with Animal Care and Use Committee regulations. C57BL/6J mice were purchased from the Jackson Lab and Vav1 null mice on the C57/BL6 background were kindly provided by Dr. Victor Tybulewicz at the MRC National Institute for Medical Research, UK 14 . Sex and age-matched mice were used in all the studies. The LAD ligation was performed as described 29 . Heart function was evaluated by Echocardiography.
Cell Culture and Reagents. HUVECs (Lonza, Walkersville, MD) were cultured with EGM-2 medium (Lonza), and maintained at 37°C with 5% CO2. Hypoxia was performed by incubating cells in an incubator with 1% O2 (Thermo, Middletown, VA). Human PLGF and VEGF-E were purchased from ProSpec (East Brunswick, NJ). Cycloheximide and chloroquine were purchased from Tocris (Bristol, UK), bafilomysin-A (BafA) and CoCl2 were from Sigma. HeLa cells were cultured in DMEM medium.
Immunohistochemistry. Frozen tissue sections were incubated with anti-CD31, anti-Vav1 or anti HIF-1a antibody (Pharmingen). Apoptotic cells were evaluated by the ApopTag® Red In Situ Apoptosis Detection Kit (Chemicon) according to manufacturer's instructions. The number of apoptotic endothelial cells were calculated by counting CD31 and TUNEL double positive cells in ten randomly selected high power fields under microscopy.
Western blot and immunoprecipitation. Endothelial cell lysates from WT and Vav1 null mice were subjected to western blot and incubated with anti Vav1 antibody. For hypoxic treatment, HUVECs were incubated under either 20% O2 or 1% O2 for 24 hours. The levels of HIF-1a, Siah2, pSiah2, PHD3, p38 and phospho-p38 were analyzed by Western blot using specific antibodies (Cell Signaling, Danvers, MA). SB 203580 (Cell Signaling) at 10 μM was used to inhibit p38 phosphorylation. For immunoprecipitation, cells were lysed with lysis buffer (Cell Signaling) and immunoprecipitated with antibodies against Flag (Sigma, St. Louis, MO) or VEGFR1 (Genetex, Irvine, CA) overnight followed by protein A/G magnetic beads (Pierce, Waltham, MA). The membranes were probed with antibodies against Vav1 (EMD Millipore, Billerica, MA), Flag, HIF1a (BD Biosciences, San Jose, CA), VEGFR1 (Abcam, Cambridge, UK) and Ubiquitin (Cell Signaling).
Real-Time RT-PCR analysis.
Real time RT-PCR was performed using total RNA isolated on RNeasy Quick spin columns (QIAGEN, CA). One μg of total RNA was used to perform reverse transcriptase-polymerase chain reaction (RT-PCR) using iScript supermix (Biorad, Hercules, CA). The sequence of PCR primers used are: Vav1, 5'-CAACCTGCGTGAGGTCAAC  -3'  and  5'-ACCTTGCCAAAATCCTGCACA -3'  ;  VEGF,  5′-TGTACCTCCACCATGCCAAGT-3′  and,  5′-CGCTGGTAGACGTCCATGAA-3′; PDK1, 5′-ACCAGGACAGCCAATACAAG-3', and 5'-CCTCGGTCACTCATCTTCAC-3'; Glut1, 5'-ACGCTCTGATCCCTCTCAGT-3' and 5'-GCAGTACACACCGATGATGAAG-3'; EPO, 5'-ACCAACATTGCTTGTGCCAC-3' and 5'-TCTGAATGCTTCCTGCTCTGG-3'. Values are expressed as fold increase relative to the reference sample (untreated control) and analyzed with CFX manager (Biorad). All primers were purchased from Sigma.
Immunofluorescent Staining and Fluorescent Resonance Energy Transfer (FRET).
HeLa was transfected with Flag-tagged Vav1 and V5-tagged VEGFR1 grown on coverslips were stained with antibody against Flag-tag (Sigma), and against V5-tag (Cell Signaling). Confocal microscopy was performed with LSM-780 (Zeiss, Oberkochen, Germany) and analyzed with ImageJ (NIH, Bethesda, MD).
Statistical analysis.
All statistical analyses were carried out using Prism 6 (La Jolla, CA). Quantitative variables were analyzed by t-test, one-way ANOVA test. All statistical analysis were two-sided, and p<0.05 was considered statistically significant.
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Bialik, S., et al. Myocyte apoptosis during acute myocardial infarction in the mouse localizes to hypoxic regions but occurs independently of p53. J Clin Invest 100, 1363-1372 (1997). WT and Vav1 endothelial specific conditional knockout mice (CKD) were subjected to LAD ligation. Heart tissues from WT and Vav1 CKD mice were harvested 2 days after LDA. Tissue sections around the ischemic region were co-stained with antibodies against either CD31 (green) or Tunnel (red) (Panel B). Representative images were shown. Apoptotic endothelial cells (double positive) were counted in ten randomly selected microscopy fields (Panel C). n= 6 mice per group, **p< 0.01. Pulmonary microvascular endothelial cells were isoalted from WT and Vav1 CKO mice, and cultured in serum free media in either normoxia (20% O2) or hypoxia (1% O2) for 12 hours, followed by flow cytometry analysis for Annexin V and 7AAD double positive apoptotic cells (Panel D). **p<0.01. The experiment was done in triplicate and repeated twice. Figure 2 . Vav1 is essential for HIF-1α induction under hypoxia. Heart tissues from the ischemic region of WT and Vav1 CKO mice were harvested 5 hours after LDA. Tissue sections were co-stained with antibodies against either CD31 (red) or HIF-1 (green) (Panel A). Representative images were shown. The ischemic region of the heart tissues were harvested from WT and Vav1 CKO mice 5 hours after LAD and subjected to qPCR for HIF-1 target gene expression (Panel B). Age and sex matched WT and Vav1 null mice received an IP injection of CoCl2 at 60mg/kg or vehicle control. Heart tissues were harvested 5 hours later and subjected to Western blot analysis for Vav1 and HIF-1a (Panel C). HUVECs were transfected with control vector or shVav1 vector for 24 hours, followed by incubation either in normoxia or hypoxia for another 24 hours. HIF-1 target gene expression was analyzed by qRT-PCR (Panel D). *p<0.05 and **p<0.01 compared to corresponding control transfected cells in hypoxia. Each experiment was done in triplicate and repeated 3 times. were measured by Western blot of HUVECs transduced with HIF-1a or scramble shRNA expressing Lentivirus for 24hrs (Panel C). HUVECs were incubated in a combination of normoxic to hypoxic environment at indicated times for a total of 5hrs in the presence or absence of cycloheximide at 10mM. The protein levels were measured by Western blot from the total lysate (Panel D). The levels of Vav1 were measured by Western blot for HUVECs either cultured in 20% O2 in the presence of chloroquine (CQ) at 50mM for 5 hours or cultured in 1% O2 for different times (Panel E). The levels of Vav1 were measured by Western blot for HUVECs cultured in either 20% or 1% O2 in the absence or presence of Bafilomycin A (Baf A) at 100nM for 5 hrs (Panel F). Immunofluorescent staining for Vav1 (red) and Cathepsin D (green) in HUVECs were imaged by a LSM780 confocal microscope (Panel G). Each experiment was repeated at least twice and representative images are shown. 
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